Background
The nonsignificant reductions in macrovascular outcomes observed in Action to Control Cardiovascular Risk in Diabetes (ACCORD), 1 Action in Diabetes and Vascular Disease: Preterax and Diamicron Modified Release Controlled Evaluation (ADVANCE), 2 and Veterans Affairs Diabetes Trial (VADT) 3 have collectively created uncertainty with respect toward the extent of blood glucose reduction and also the optimal therapeutic choice to attain the reduction. The ACCORD trial demonstrated that patients randomized to intensive treatment [hemoglobin A1c (HbA1c) = 6.4%] had an increased mortality and did not have significant reductions in major cardiovascular events as compared to standard therapy (HbA1c = 7.5%), ADVANCE demonstrated that intensive therapy (HbA1c = 6.5%) yielded no statistically significant effects on major cardiovascular events or death from cardiovascular causes as compared to standard therapy (HbA1c = 7.3%), and the VADT found no significant effect of intensive glucose control (HbA1c = 6.9% versus 8.4%) on the time to first occurrence of various major cardiovascular events.
To help explain this situation, where long-term, cardiovascular outcome trials have resulted in counterintuitive outcomes, we presented data in this issue of Journal of Diabetes Science and Technology, for a pharmacokinetic/ pharmacodynamic model that characterizes the effect of conventional antidiabetic therapies on the glucose supply [carbohydrate intake and intestinal absorption (carbohydrate exposure, CE), hepatic glucose uptake (HGU), hepatic gluconeogenesis (GNG), and insulin resistance (IR)], and insulin demand [peripheral insulin exposure (PIE) and peripheral glucose uptake (PGU)] dynamic. 4 Moreover, it is our hypothesis that the mechanism used to attain blood glucose reduction may be as important, or possibly of greater importance, than the extent of blood glucose reduction. To determine if pharmacotherapeutic strategies that favor the glucose supply or insulin demand dynamic are associated with cardiovascular benefit, we retrospectively identified patients with five years of eligibility prior to experiencing an initial event, matched them to patients not experiencing an event, and assessed the impact of the glucose supply:insulin demand (SD) ratio in conjunction with measured glucose control (HbA1c).
Methods
The supporting literature and methods used to calculate the SD ratio for each of the antidiabetic agents Abstract cont.
Results:
Fifty cardiovascular event patients met inclusion criteria and were matched to controls. No difference was observed for the average HbA1c or SD ratio between patients experiencing an event and controls (7.5 ± 1.0% versus 7.3 ± 0.9%, p = .275, and 1.2 ± 0.3 versus 1.3 ± 0.3, p = .205, respectively). Likewise, for categorical representations, there were no differences in event rate at the pre-identified breakpoints (HbA1c ≥7% versus <7%; 72% versus 64%, p = .391, and SD ratio ≥1 versus <1; 68% versus 76%, p = .373, ≥1.25 versus <1.25; 42% versus 56%, p = .161, ≥1.5 versus <1.5; 22% versus 30%, p = .362, respectively). Analyzing the combined effect of glucose control and the SD dynamic, patients managed at higher glucose values and on the insulin demand side of the model (HbA1c ≥7% and SD ratio <1.25) tended to have greater cardiovascular risk than those managed at an HbA1c <7%, or HbA1c ≥7% with an SD ratio ≥1.25 (61% versus 39%; p = .096).
Conclusion:
Independently, more aggressive HbA1c reduction and higher SD ratio values were not independently associated with a reduction in cardiovascular outcomes. Combining the parameters, it would appear that patients managed at higher glucose values and on the insulin demand side of the model may have increased cardiovascular risk. Based on these findings, it is pertinent to conduct subsequent works to refine SD ratio estimates and apply the model to larger, long-term T2DM cardiovascular outcome trials.
included in the analysis have been described previously. 4 Briefly, the therapeutic targets of the glucose supply (CE, 1+2; HGU, 3; GNG, 4; IR, 5) and insulin demand (PGU, 6; PIE, 7) model are presented in Figure 1 . With the respective antidiabetic therapies characterized for their impact on CE, HGU, GNG, IR, PIE, and PGU ( Table 1) , identification of their effect on the glucose supply (decrease in CE, increase in HGU, decrease in GNG, decrease in IR) and insulin demand (increase in PIE, increase in PGU) dynamic was determined according to Equation ( To test the hypothesis that patients managed on the glucose supply side would have fewer cardiovascular events versus those managed on the insulin demand side, the electronic medical records of a group model health maintenance organization were queried. From the electronic medical record, de-identified health care claims, medical progress notes, and laboratory data with dates of service spanning January 1, 1997, through December 31, 2008, were reviewed to compile a population of patients meeting the following inclusion criteria: (1) type 2 diabetes mellitus (T2DM); (2) known date of T2DM diagnosis; (3) ICD-9 or CPT code identification 5, 6 and chart review confirmation of a first major cardiovascular event (myocardial infarction, coronary artery bypass graft, or angioplasty); (4) five years of continuous eligibility, including medical and prescription claims, preceding the initial cardiovascular event; and (5) Based on the evidence presented in the aforementioned cardiovascular outcome trials in the T2DM population, it was not anticipated that average HbA1c or categorical HbA1c breakpoints would be independently associated with a reduction in cardiovascular outcomes. Similarly, because the SD ratio is a measure of the pharmacologic impact on glucose supply and insulin demand dynamics, it was not anticipated that the average SD ratio or categorical SD ratio breakpoints would be independently associated with a reduction in events. However, it was hypothesized that combing the optimal SD ratio breakpoint that minimized event rate and the American Diabetes Association-recommended HbA1c breakpoint (7%) would realize the greatest cardiovascular benefit. Therefore, in addition to evaluating the associations of mean HbA1c, categorical HbA1c (≥7% versus <7%), mean SD ratio, and categorical SD ratios (≥1, ≥1.25, ≥1.5) with cardiovascular events, we determined the optimal SD ratio breakpoint that minimized event rate, coupled the breakpoint with the recommended HbA1c threshold (7%), and analyzed the combined parameter for an association with event rate. All statistical assessments of baseline characteristics and cardiovascular outcomes were conducted with the Student's t-test (continuous data) or Chi-square/Fisher's exact test (categorical data).
Results

Application of the Glucose Supply and Insulin Demand Model to Cardiovascular Events
Fifty patients with an initial event and known date of occurrence were case matched with noncardiovascular event controls per aforementioned criteria. Baseline characteristics for the event and control patients are presented in Table 2 . Age, gender, duration of T2DM, and metabolic characteristics were similar between groups, with the exception of TG that were significantly higher in the cardiovascular event cohort (288.8 ± 313.1 mg/dl versus 176.0 ± 81.8 mg/dl; p = .017). No significant differences in nondiabetes-related therapies were observed between groups, although more control patients tended to be on angiotensin-converting enzyme inhibitors/angiotensin receptor-blocking agents (47.6 ± 45.2% versus 32.5 ± 43.6%; p = .090) and also to have higher SD ratio values at baseline (1.2 ± 0.3 versus 1.1 ± 0.3; p = .051).
Over the course of the 5-year observation period, there was no significant difference observed for the average HbA1c between event patients and controls (7.5 ± 1.0% versus 7.3 ± 0.9%, p = .275, respectively). There was also no difference in event rate between the cohorts when patients were categorized at the HbA1c ≥7% breakpoint (72% versus 64%, p = .391, respectively). Like HbA1c, the mean SD ratio was not significantly different between the cohorts (1.2 ± 0.3 versus 1.3 ± 0.3, p = .205, respectively), and there was also no difference in event rate between the cohorts at the ≥1 (68% versus 76%, p = .373, respectively), ≥1.25 (42% versus 56%, p = .161, respectively), or ≥1.5 (22% versus 30%, p = .362) breakpoints. As was hypothesized, more aggressive HbA1c reduction and higher SD ratio values were not independently associated with a reduction in cardiovascular events. Figure 2 presents data for the combined impact of the recommended HbA1c breakpoint (<7%) and optimal SD ratio breakpoint (≥1.25) on cardiovascular outcomes. Identical event rates were observed for patients managed to an HbA1c <7% and SD ratio ≥1.25, HbA1c <7% and SD ratio <1.25, and HbA1c ≥7% and SD ratio ≥1.25 (44%). Compared to the remainder of the population, the only group demonstrating a trend toward greater cardiovascular event risk were those managed at higher glucose values and on the insulin demand side of the model (HbA1c ≥7% and a SD ratio <1.25; 61% versus 39%; p = .096).
Discussion
The overwhelming evidence that intensive blood glucose management does not confer a corresponding reduction in macrovascular events requires that we rigorously evaluate the interventions used to attain the reductions. The impact of pharmacologic intervention has been largely dismissed in the assessment of T2DM cardiovascular outcome trials. [1] [2] [3] Close inspection of therapies utilized during the trials demonstrates a focus on agents that predominantly increase PIE and peripheral glucose disposal. At baseline of the ADVANCE trial, patients in the intensive and standard groups were predominantly on sulfonylurea-(71.8% and 71.1%) and metformin-(61.0% and 60.2%) based regimens with minimal insulin utilization (1.5% and 1.4%). At the end of follow-up, sulfonylurea (92.4%) and insulin utilization (40.5%) spiked in the intensive treatment group, while in the standard group, sulfonylurea utilization decreased (58.7%) and insulin use moderately increased (24.1%). 2 Similarly, the ACCORD trial featured greater secretagogue and insulin exposure in those receiving intensive therapy versus standard therapy (86.6% and 73.8% versus 77.3% and 55.4%, respectively). 1 The VADT determined initial treatment class by BMI, metformin + rosiglitazone when ≥27 kg/m 2 , glimepiride + rosiglitazone when <27 kg/m 2 . Subsequently, the intensive management cohort received maximal doses, while standard therapy received one-half the maximal dose. 3 Notably, before any changes in oral medications were made, insulin was added to patients in the intensive management cohort not achieving a HbA1c <6% and only to standard-therapy patients not achieving a HbA1c <9%.
Analyzing the relationship between cardiovascular events, blood glucose reduction, and the SD ratio, it would appear that, for patients managed at higher HbA1c values (≥7%), there may be a protective cardiovascular effect if pharmacologically managed on the glucose supply side (SD ratio ≥1.25). Conversely, when the HbA1c was <7%, no difference in event rate was observed in patients managed at an SD ratio ≥1.25 or <1.25. These data, in context with findings of ACCORD, ADVANCE, and the VADT that demonstrated no difference with more intensive blood glucose reduction, may suggest that a more rigorous evaluation of the impact of pharmacologic intervention is warranted.
Limitations
As previously described, construction of the glucose supply and insulin demand model required multiple assumptions. 4 Most importantly, the literature used to identify the effect of each antidiabetic agent on each target was often from a small number of sources, unavailable, or conducted in patients at various stages of their disease progression. Similarly, determining the dose-response relationship for antidiabetic agents (alone and in combination with other agents) on the respective targets was often not possible because of a small literature base and the predominance of singledose, monotherapy studies. As a consequence, the doseresponse relationships were considered to be linear and synergistic between agents for the present model and may therefore have inadequately characterized the effect of the antidiabetic agents (individually and in combination) on the respective targets at the extremes of dose. Lastly, it is also likely that the glucose supply and insulin demand targets may have differing impacts on disease progression and require multiple coefficients to optimize the model. All the aforementioned limitations may significantly contribute to the difficulties identifying the relationship between cardiovascular events, the extent of blood glucose reduction, and the means by which the reduction was attained. Subsequent work should strive to (1) refine SD ratio estimates; (2) integrate findings into larger, long-term T2DM cardiovascular outcome trials; (3) utilize multivariate logistic regression and/or neural network strategies to comprehensively characterize the relationship of the SD ratio and other known metabolic variables on progression to cardiovascular event; and (4) characterize SD ratios for newer antidiabetic therapies.
Glucose Supply and Insulin Demand Dynamics of Newer Antidiabetic Therapies
The integration of newer therapies (bile-acid sequestrants, dipeptidyl peptidase-4 [DPP-IV] inhibitors, incretin mimetics, and amylinomimetics) into the glucose supply and insulin demand model will require additional study to identify mechanistic actions that have been incompletely characterized. Despite the current unavailability of comprehensive mechanistic data, the available literature would suggest that bile acid sequestrants (colesevelam), incretin mimetics (exenatide), DPP-IV inhibitors (sitagliptin), and amylinomimetic (pramlintide) agents would demonstrate superior supply-side dynamics to current second-line sulfonylurea and long-acting insulin-based regimens. The available literature to characterize these therapies are presented here.
Bays and Goldberg reviewed the mechanistic glucoselowering effects of the bile acid sequestrants (colesevelam). 7 Although there are numerous mechanisms 7-20 and contradictory evidence surrounding many of the mechanisms, [21] [22] [23] [24] it would appear the bile acid sequestrants have the most profound effect on GNG, with more modest effects on CE (decrease), HGU (increase), IR (decrease), PGU (increase), and PIE (increase).
The incretin mimetic, exenatide, has been shown to (1) decrease total caloric intake, [25] [26] [27] (2) increase HGU, 28, 29 (3) diminish hepatic glucose production, 28, 29 and (4) increase PIE. [28] [29] [30] Additional studies identifying the specific effects of exenatide on GNG, IR, and PGU are needed to comprehensively characterize the glucose supply and insulin demand dynamics of exenatide. The available evidence suggests exenatide to have the most profound effects on CE (reduce), HGU (increase), GNG (decrease), and PIE (increase), with modest or negligible effects on IR and PGU.
Study is underway to characterize the mechanisms of glucose-lowering effects of the DPP-IV inhibitor, sitagliptin, in patients with T2DM (ClinicalTrials.gov identifier: NCT00820573). To date, DPP-IV inhibitors have been shown to (1) have no effect on total caloric intake, 25 (2) have no effect on IR, 31 and (3) increase fasting and prandial insulin secretion. 31 This evidence, in context with incretin mimetic data, would suggest that the DPP-IV inhibitors have the most profound impact on HGU (increase), GNG (decrease), and PIE (increase) with modest to negligible effects on CE, IR, and PGU.
The amylinomimetic, pramlintide: (1) increases satiety, diminishes caloric intake, and reduces weight; [32] [33] [34] [35] [36] [37] [38] (2) has no evidence for diminished intestinal absorption; (3) delays gastric emptying; [39] [40] [41] [42] [43] (4) decreases glucagon secretion; [44] [45] [46] (5) reduces postprandial oxidative stress; 47 (6) has no apparent effect on PGU; 48 and (7) diminishes insulin requirements. 34 It would appear pramlintide would have the most profound effect on CE (decrease), HGU (decrease), GNG (decrease), and IR (decrease), while having modest to negligible effects on PGU and PIE.
Conclusions
Alpha-glucosidase inhibitors (1.25), metformin (2.20), and thiazolidinediones (1.27-1.32) exhibit superior effects on glucose supply and insulin demand dynamics (SD ratio) versus secretagogue (0.69-0.81) and insulin-based therapies (0.62-0.79). Independently, more aggressive HbA1c reduction (<7%) and higher SD ratio values (≥1, ≥1.25, or ≥1.5) were not associated with a reduction in cardiovascular outcomes. Combining the parameters, the only group demonstrating a trend toward greater cardiovascular event risk were those managed at higher glucose values and on the insulin demand side of the model (HbA1c ≥7% and a SD ratio <1.25; 61% versus 39%; p = .096). Based on these findings, it is pertinent to conduct subsequent works to develop and refine SD ratio estimates and apply the model to larger, long-term T2DM cardiovascular outcome trials.
